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In the crowded firmament of antihyperglycemic
agents, the biguanide metformin is the brightest
star. Metformin features as first-line pharmaco-
logic treatment for type 2 diabetes in virtually
all guidelines and recommendations, its efficacy
and tolerability are well tested, and it is safe and
cheap. In use in Europe since the late 1950s and
reintroduced into the North American market
two decades ago, metformin is by far the most
widely used antidiabetic drug, alone or in com-
bination with other antihyperglycemic agents.
Unlike the sulfonylureas and insulin, metformin
is not associated with weight gain or hypoglyce-
mia; it is quite friendly to patients.

But its mode of action has been very difficult
to pinpoint. In animals and humans, metformin
is absorbed through the upper small intestine, is
concentrated in enterocytes and hepatocytes, cir-
culates essentially unbound, and is eliminated,
unchanged, by the kidneys.® At the whole-body
level, metformin itself does not affect insulin
sensitivity in muscle or adipose tissue? but con-
sistently reduces endogenous glucose production
by inhibiting gluconeogenesis.! Proposed mech-
anisms of action have included delayed intesti-
nal glucose absorption, enhanced release of
glucagon-like peptide 1, augmented lactate pro-
duction by enterocytes, and activation of AMP-
activated protein Kkinase in hepatocytes consequent
to decreased energy charge, as well as inhibi-
tion of glucagon signaling, glycolytic enzymes,
transcription of gluconeogenic enzymes, or mito-
chondrial complex I (which is made up of NADH
and a reductase) (Fig. 1). This plethora of expla-
nations has emerged from studies performed
with the use of a variety of techniques, time
frames, and metformin concentrations.

In a series of comprehensive experiments,
Madiraju and colleagues? have used intravenous
infusions of metformin in the rat to show that
concentrations within the therapeutic range acute-

ly reduce endogenous glucose production and
plasma glucose levels and raise plasma lactate and
glycerol levels, without changing hepatic gluconeo-
genic gene expression or cellular energy charge.
Furthermore, the results compellingly demon-
strate that metformin selectively inhibits the mito-
chondrial isoform of glycerophosphate dehydro-
genase, an enzyme that catalyzes the conversion
of glycerophosphate to dihydroxyacetone phos-
phate (DHAP), thereby transferring a pair of
electrons to the electron transport chain (Fig. 1).
The result is a reduction in cytosolic DHAP and
a rise in the cytosolic NADH-NAD ratio, which
restrains the conversion of lactate to pyruvate;
the use of glycerol and lactate as gluconeogenic
precursors therefore drops, and glycerol and lac-
tate levels build up in the plasma. Long-term
metformin dosing reproduced these reciprocal
changes in the redox state, which is decreased in
the mitochondrion and increased in the cyto-
plasm.?

Does the elucidation of this mechanism mean
that the search is over? Almost certainly, not
only because the supporting evidence included
important control experiments? but also because
the proposed molecular mechanism is primary,
simple, and elegant, as well as being compatible
with ancillary (e.g., the release of glucagon-like
peptide 1) or secondary (e.g., the abatement of
glucose toxicity) mechanisms.

Among the best drugs are those — such as
statins and, more recently, sodium—glucose co-
transporter 2 inhibitors (e.g., dapagliflozin) —
that inhibit a single key enzyme or transporter
in a pathway. Agents that have an effect on mo-
lecular master switches (e.g., thiazolidinediones)
open the door to unpredicted off-target side ef-
fects, which may limit their clinical use.

Does the new basic science change the clinical
landscape? Probably not in the short term, but
there are aspects of metformin treatment that
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Figure 1. How Metformin Suppresses Hepatic Gluconeogenesis: A Model.

A recent study by Madiraju et al.> suggests that metformin suppresses gluconeogenesis by inhibiting a mitochondrion-
specific isoform of glycerophosphate dehydrogenase (mGPD). This, in turn, decelerates the dihydroxyacetone phos-
phate (DHAP)—glycerophosphate shuttle (glycerophosphate is also called glycerol-3-phosphate [G3P]). As a result, the
ratios of G3P to DHAP, NADH to NAD, and lactate to pyruvate all increase in the cytoplasm. Gluconeogenesis de-

creases, and therefore secretion of glucose by the hepatocyte decreases, and excess levels of glycerol and lactate are
released into the plasma. The term cGPD denotes the cytoplasmic isoform of glycerophosphate dehydrogenase, and

LDH lactate dehydrogenase.

might benefit from a better understanding of its
mode of action. Are the gastrointestinal side ef-
fects of metformin linked with its target in entero-
cytes?* Are the effects on blood lipids (a slight
reduction in low-density lipoprotein cholesterol)
and on liver fat accumulation in line with the
molecular changes detected in the liver? Are
there reproducible, independent effects of met-
formin on beta-cell function in patients with
diabetes? If metformin blocks an enzyme, why
do some patients not have a response in spite of
having few or no side effects? Why do patients
have secondary treatment failure (at an estimat-
ed rate of approximately 15% per year in clinical
practice®)? Does this reflect disease progression
— as many believe — or tachyphylaxis? In the
latter case, can response be restored with inter-
mittent insulin treatment? Why has it been so
hard to develop additional metformin-like agents?

New clinical research is now more likely to
arise from this old drug. In the clinic, doctors

1548 N ENGLJ MED 371;16

can answer the kind of question that patients,
back from browsing the Web, increasingly pose:
“Doc, how is this pill supposed to help me?”
“Sir, it blocks an enzyme that makes the liver
put out too much sugar into your blood.”

Disclosure forms provided by the author are available with the
full text of this article at NEJM.org.
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